INTRODUCTION
Viral infection can cause a spectrum of disease phenotypes, ranging from severe fatal disease to asymptomatic infection. Infection with some viruses damages very specific sites, whilst infection with other viruses damages multiple body sites. Factors that influence different disease phenotypes are unclear. The goal of this study was to examine factors that contribute to distinct disease phenotypes using a mouse infection model.
Yellow fever virus (YFV) is the prototypical member of the genus Flavivirus, which includes other mosquito-borne human pathogens such as dengue virus (DENV), West Nile virus (WNV) and Japanese encephalitis virus (JEV). Despite the availability of vaccine and mosquito control programmes, YFV is considered a re-emerging disease with 200 000 new cases and~30 000 deaths estimated each year. Yellow fever disease in humans can range from asymptomatic to severe haemorrhagic fever. Approximately 20 % of YFV-infected individuals develop a severe visceral disease involving many organs, particularly the liver. Fatal YFV infection is induced by systemic shock and multi-organ failure, and immunopathology or 'cytokine storm' correlates with disease severity (Monath, 2008; Monath & Barrett, 2003; ter Meulen et al., 2004) . Elevated levels of IL-6, IL-1 receptor antagonist, TNF-a, IFN-inducible protein (IP)-10 and monocyte chemotactic protein (MCP)-1 were found in patients with fatal YFV infection (ter Meulen et al., 2004) .
The YFV-17D vaccine is a live attenuated virus derived from the pathogenic Asibi strain of YFV. Although undeniably one of the safest live attenuated vaccines in history, rare severe adverse events can occur. These vaccine-associated adverse events are categorized as either YFV-17D-associated neurotropic disease (YFV-AND) or YFV-17D-associated viscerotropic disease (YFV-AVD). Encephalitis with fever and variable neurological signs are characteristic of YFV-AND, which typically resolve completely. However, a few YFV-AND cases have been fatal with virus recovered from brain tissues and the YFV-17D genome detected in the cerebral spinal fluid (Anonymous,1966; Kengsakul et al., 2002; Monath et al., 2013) . The pathogenesis of YFV-AVD is similar to severe WT YFV infection with high case-fatality rates characterized by viral replication in numerous visceral tissues and liver histopathology (Belsher et al., 2007; Centers for Disease Control and Prevention, 2002; Cetron et al., 2002; Chan et al., 2001; Gerasimon & Lowry, 2005; Martin et al., 2001; Monath et al., 2013; Vasconcelos et al., 2001) . Evaluation of the immune response in a few cases of YFV-17D-associated adverse events found elevated levels of liver enzymes and cytokines similar to WT YFV infection (Bae et al., 2008; Silva et al., 2010) . It has been shown that YFV-17D can infect monocytes/macrophages and endothelial cells (Goodman & Koprowski, 1962; Khaiboullina et al., 2005; Liprandi & Walder, 1983; Meier et al., 2009; Schlesinger & Brandriss, 1981) , and it has been proposed that these cells are a source of dysregulated cytokine secretion leading to sepsis (Khaiboullina et al., 2005; Monath & Barrett, 2003) . Whilst these YFV-17D-associated adverse events are rare, they can be quite serious. Therefore, a clearer understanding of the pathogenesis of YFV and YFV-17D is needed.
Although the YFV-17D vaccine is highly efficacious and has been in use since the 1930s, the molecular determinants and in vivo mechanisms for virulence attenuation are not fully understood. Attenuation of YFV-17D has been attributed to mutations in the YFV-17D envelope protein, which may hinder spread of the virus to visceral tissues, and was recently linked to reduced quasispecies diversity (Beck et al., 2014; Hahn et al., 1987; Lee & Lobigs, 2008) . Considering that YFV-17D is currently being used in chimeric vaccines to JEV, and for the development of vaccines to WNV and DENV, a better understanding of its attenuation is imperative (Guirakhoo et al., 2006; Guy et al., 2010; Monath et al., , 2006 Pugachev et al., 2005) .
Laboratory rodents have varying degrees of susceptibility to YFV and YFV-17D infection, with disease outcome dependent on age, viral strain, immune status of the host, inoculation route and viral inoculum titre (Barrett & Gould, 1986; Fitzgeorge & Bradish, 1980; Horsfall, 1965; Lee & Lobigs, 2008; Meier et al., 2009; Theiler, 1930; Thibodeaux et al., 2012; Zisman et al., 1971) . Infant mice are susceptible to fatal infection with intravenously or intraperitoneally injected virulent strains of YFV, including YFV-Asibi, as well as attenuated strains of YFV, such as YFV-17D (Fitzgeorge & Bradish, 1980; Horsfall, 1965; Zisman et al., 1971) . However, immune-competent adult mice are not susceptible to lethal infection delivered by peripheral injection, but are susceptible following intracerebral injection with virulent or attenuated YFV (Fitzgeorge & Bradish, 1980; Fox, 1943; Goodman & Koprowski, 1962; Sellards, 1931; Theiler, 1930) . In these cases, mice develop YFV-induced encephalitis regardless of viral strain. YFV can cause a viscerotropic disease resembling human disease, but only in peripherally injected immunodeficient animals such as mice deficient for IFN-a/b receptors (Meier et al., 2009) . Peripheral injection of YFV-17D in adult mice lacking both IFN-a/b receptors and IFN-c receptors can cause a lethal neurotropic infection with transient viral infection of visceral organs and no observed tissue damage (Meier et al., 2009; Lee & Lobigs, 2008; Thibodeaux et al., 2012) . Using a genetically marked pool of viruses, we previously found that YFV-17D encounters no major barriers that restrict viral diversity or dissemination in mice that lack IFN-a/b receptors (Erickson & Pfeiffer, 2013 ).
In the current study, we investigated how viral dose, inoculation route and the host immune response contributed to pathogenesis of YFV-17D in immune-competent ). We found that YFV-17D was severely attenuated in immune-competent mice regardless of route or viral dose and no mice exhibited clinical signs of disease. In contrast, after peripheral inoculation, YFV-17D rapidly disseminated in IFNAR 2/2 mice causing three distinct disease phenotypes: no clinical signs of disease, fatal viscerotropic disease or fatal neurological disease. Surprisingly, viral titres in various tissues at disease onset did not correlate with disease outcome. However, we found increased immune infiltrates in the brains of mice with neurotropic disease and increased cytokine levels (MCP-1 and IP-10) in mice with viscerotropic disease. Furthermore, we demonstrated that treatment with exogenous IP-10 increased YFV-17D pathogenesis in immune-deficient mice with significantly more mice succumbing to viscerotropic disease. Our results suggested that immunopathology likely contributed to the development of the three distinct disease phenotypes in YFV-17D-inoculated IFNAR 2/2 mice.
RESULTS
Inoculation route influences YFV-17D pathogenesis in IFNAR "/" mice
In order to evaluate YFV-17D pathogenesis we inoculated 3-4-week-old IFNAR +/+ or IFNAR 2/2 mice intramuscularly, intraperitoneally, subcutaneously or in the footpad with 10 4 p.f.u. YFV-17D virus and monitored animals daily for signs of disease. We found that regardless of inoculation route, immune-competent mice did not exhibit signs of disease up to 30 days post-infection (p.i.) (Fig. 1a) . Whilst footpad-inoculated IFNAR 2/2 mice had transient swelling at the site of inoculation, these animals fully recovered by 6 days p.i. Additionally, IFNAR 2/2 mice inoculated subcutaneously displayed no signs of disease at any point after infection.
In contrast, YFV-17D intramuscularly inoculated IFNAR 2/2 mice displayed varying degrees of illness. At 5 days p.i., all intramuscularly inoculated mice were limping on the injected leg; however, by 6 days p.i. the mice were walking normally. At 7-8 days p.i., 32 % of the intramuscularly inoculated IFNAR 2/2 mice presented with one of two disease phenotypes: neurotropic disease or viscerotropic disease (Fig. 1b) . Neurotropic disease manifested as paralysis ranging from one paralysed leg to severe hind-limb paralysis. Viscerotropic disease manifested as lethargy, hunched posture, ruffled fur and rapid breathing. Whilst neurotropic disease onset was slow and progressed over a 24-48 h window, viscerotropic disease onset was rapid and progressed over just a few hours. In fact, 9 % of animals with viscerotropic disease were found dead within 12 h of appearing healthy (Table 1) . Additionally, 91 % of mice with viscerotropic disease had damage to visceral organs: 23 % had splenomegaly (spleen length .1.5 cm; Fig. 1c ), 14 % had liver pathology (Fig. 1d) and 54 % had intestinal haemorrhage (Fig. 1e, arrows) (Table 1) . Spleen, liver and intestine from mice with neurotropic disease or mice with no clinical signs appeared normal, similar to uninfected animals ( Fig. 1c-e) . All mice that survived through day 8 p.i. recovered completely, showing no signs of disease through 30 days p.i., regardless of inoculation route.
YFV-17D intraperitoneally inoculated IFNAR
2/2 mice displayed disease phenotypes similar to intramuscularly inoculated IFNAR 2/2 mice, but had significantly increased mortality, with 61 % of animals succumbing to infection at 6-7 days p.i. (Fig. 1a) . Furthermore, we found that inoculation route influenced disease outcome, with viscerotropic disease developing in 45 % of intraperitoneally inoculated IFNAR 2/2 mice compared with 17 % of intramuscularly inoculated IFNAR 2/2 mice (Fig. 1b) . These results demonstrated that inoculation route influenced YFV-17D pathogenesis in IFNAR 2/2 mice. monitored animals daily for signs of disease. We found that none of the immune-competent mice displayed signs of disease, whilst 42 % of IFNAR 2/2 mice developed disease (Fig. 2a) . Similar to results from IFNAR 2/2 mice inoculated with 10 4 p.f.u. YFV-17D by the intramuscular route, mice inoculated with 10 7 p.f.u. by the intramuscular route had similar percentages of mice developing viscerotropic or neurotropic disease (Figs 1b and 2b). Therefore, mice inoculated with 1000-fold more YFV-17D had only slightly higher mortality (42 versus 32 %; P50.15, Mantel-Cox test) and the ratio of viscerotropic to neurotropic disease was unchanged. Additionally, we intramuscularly inoculated 6-7-week-old IFNAR 2/2 mice with 10 7 p.f.u. YFV-17D virus and monitored animals daily for signs of disease. We found that none of the older mice displayed signs of disease up to 21 days p.i. (data not shown). Taken together, these results demonstrated that increasing the viral inoculum 1000-fold did not significantly alter mortality or the percentage of mice with neurotropic or viscerotropic disease outcome.
YFV-17D titres in IFNAR
"/" mice
To determine whether YFV-17D pathogenesis and disease outcome in IFNAR 2/2 mice correlated with viral titre, we inoculated mice intramuscularly or intraperitoneally with 10 4 p.f.u. YFV-17D, and at disease onset, or 8 days p.i. for mice with no clinical signs of disease, we harvested numerous tissues and evaluated viral loads by titre assay. We compared titres from leg muscle, sciatic nerve, blood, liver, spleen and brain in mice showing no clinical signs of disease, viscerotropic disease or neurotropic disease (Fig.  3) . Regardless of disease state, we found high viral loads in the muscle of most intramuscularly inoculated IFNAR 2/2 mice, which was not surprising as muscle was the inoculation site ( Fig. 3a) . However, .75 % of intraperitoneally inoculated mice with viscerotropic disease had detectable viral loads in muscle, suggesting viral dissemination from the peritoneal cavity (Fig. 3b) . In contrast, viral titres were low or undetectable at 8 days p.i. in muscle tissues of intramuscularly or intraperitoneally inoculated IFNAR +/+ mice (data not shown). These results suggested that, as expected, the type I IFN response limited YFV-17D replication in mice. Perhaps not surprisingly, mice with viscerotropic disease had higher viral titres in visceral tissues, such as spleen and liver, compared with mice showing no clinical signs of disease (Fig.  3a) . However, there were no significant differences in visceral tissue titres in mice with viscerotropic versus neurotropic disease regardless of inoculation route (Fig. 3) .
Previous studies have shown that neurotropic viruses can initiate infection in the periphery and can move through peripheral neurons to reach the central nervous system (Card et al., 1991; Ohka et al., 1998; Samuel et al., 2007; Tyler et al., 1986) . Therefore, we hypothesized that mice with neurotropic disease may have higher viral titres in peripheral neurons and brain. We quantified viral titres in the sciatic nerve of YFV-17D-infected IFNAR 2/2 mice and found 10-to 100-fold higher viral titres in mice with disease as compared with mice with no clinical signs of disease (Fig. 3) . Surprisingly, sciatic nerve titres and brain titres were not significantly higher in mice with neurotropic disease versus mice with viscerotropic disease. In fact, mice with viscerotropic disease had the highest brain titres regardless of inoculation route. Furthermore, mice showing no clinical signs of disease routinely had .10 4 p.f.u. in the brain at 8 days p.i. (Fig. 3) , although viral titres in the brain were undetectable by 21 days p.i. (data not shown). Taken together, these results suggested that viral load did not necessarily correlate with disease. dImmune infiltrate in brain was scored as high (+/+), medium (+/2), or low (2/2) according to data shown in Figure 4 .
YFV-17D disease phenotypes in mice
Mice with YFV-17D neurotropic disease have immune cell infiltrates in the brain
Considering that mice with no clinical signs of disease had .10 4 p.f.u. virus in brain tissue, we hypothesized that viral load alone was not inducing disease and that perhaps the immune response contributed to pathogenesis. In order to evaluate the presence of inflammatory cell infiltrates, hippocampal brain sections from uninfected and YFV-17D-infected IFNAR 2/2 mice were histologically stained with haematoxylin and eosin (HE) at 8 days p.i. We compared sections from uninfected mice with sections from infected mice displaying no clinical signs of disease, neurotropic disease or viscerotropic disease. We found that brain sections from YFV-17D-infected mice showing no clinical signs of disease were very similar to uninfected controls with little to no immune cell infiltrate (Fig. 4a, b) .
We observed increased immune cell infiltrates in the brain of mice with neurotropic disease as compared with mice with viscerotropic disease (Fig. 4c, d ), even though mice with viscerotropic disease had significantly higher viral titres in brain tissues (Fig. 3) . These results suggested that the immune response to YFV-17D infection influenced pathology and disease outcome more than the amount of virus present.
Early indicators of disease outcome in IFNAR
"/" mice In order to determine if early indicators could predict eventual disease outcome we monitored weight changes and serum levels of a liver damage marker, alanine aminotransferase (ALT), in YFV-17D-infected mice. First, we measured the weights of uninfected 22-day-old IFNAR 2/2 mice and age-matched mice intramuscularly inoculated with 10 4 p.f.u. YFV-17D. We found that uninfected mice steadily gained weight, reaching 1.6 times their original weight at 30 days old (day 8 p.i.) (Fig. 5a ). However, all YFV-17D-infected mice failed to gain weight starting at 5 days p.i. Mice that showed no clinical signs of disease maintained their weight, whilst mice that developed neurotropic disease or viscerotropic disease lost weight from 5 to 8 days p.i. At disease onset, mice with neurotropic and viscerotropic disease had significantly lower weights as compared with mice with no clinical signs of disease (Fig. 5a) . However, at early times post-infection (days 1-5 p.i.), we could not discriminate between mice that would survive or succumb to YFV-17D infection. Second, we evaluated serum levels of ALT at 1, 3 and 5 days p.i. in mice that would eventually develop no clinical signs, neurotropic disease or viscerotropic disease. We found that at 1 and 3 days p.i., elevated ALT levels in mice correlated with the development of viscerotropic disease (Fig. 5b) . We found that ALT levels were similar in all YFV-17D-infected mice at 5 days p.i. regardless of disease outcome (Fig. 5b) . These results indicated that increased serum ALT levels at early time points after YFV-17D infection may precede development of viscerotropic disease.
YFV-17D infection of IFNAR
"/" mice induces distinct chemokine/cytokine profiles As we found increased immune infiltrates in the brains of mice with neurotropic disease and the amount of inflammatory infiltrate did not correlate with viral titres in the brain, we hypothesized that increased or improper cytokine induction contributed to distinct pathology and disease outcome in YFV-17D-infected IFNAR 2/2 mice. In humans, severe YFV infection has haemorrhagic manifestations associated with vascular permeability, which may be facilitated by cytokine induction (Monath, 2008; Paessler & Walker, 2013) , and YFV infection of mice deficient for IFN-a/b and IFN-a/b/c receptors induced high levels of proinflammatory cytokines (Meier et al., 2009; Thibodeaux et al., 2012) . We initially evaluated cytokines at 5 days p.i. in serum samples from 3-4-week-old IFNAR 2/2 mice infected intramuscularly with 10 4 p.f.u. YFV-17D virus using the Mouse Cytokine Array Panel A kit (see Methods), which simultaneously profiled the relative levels of 40 cytokines. We compared samples from mice that were uninfected, mice that did not display clinical signs of disease and mice that eventually developed viscerotropic disease. Table S1 (available in the online Supplementary Material) shows a complete list of the mean values obtained for each cytokine. Whilst levels of most cytokines were low or highly variable among groups of mice, we found that some cytokines, including IP-10 (also known as CXCL10) and MCP-1 (also known as JE or CCL2), were significantly increased in YFV-17D-infected mice with viscerotropic disease as compared with uninfected mice (Table S1 , bold). Interestingly, these cytokines were also more highly induced in mice that developed viscerotropic disease as compared with infected animals displaying no clinical signs of disease.
To confirm the altered levels of IP-10 and MCP-1 in mice that developed viscerotropic disease, we used a standard sandwich ELISA to quantify cytokine levels in serum samples from IFNAR 2/2 mice intramuscularly infected with 10 4 p.f.u. YFV-17D at 5 days p.i. We found that IP-10 and MCP-1 were undetectable in uninfected mice (Fig. 6 ).
However, we found significantly elevated levels of IP-10 and MCP-1 in mice with viscerotropic disease as compared with infected mice showing no clinical signs of disease and mice with neurotropic disease (Fig. 6) . These results suggested that high systemic induction of certain inflammatory cytokines may play a role in immunopathology during viscerotropic disease. Additionally, we found no significant differences in IP-10 and MCP-1 levels in the blood of mice with neurotropic disease compared with mice with no clinical signs of disease (Fig. 6) , further supporting the idea that the specific host immune response contributed to pathology and disease outcome.
IP-10 influences YFV-17D pathogenesis in IFNAR
"/" mice Due to the high levels of IP-10 in mice with viscerotropic disease, we hypothesized that IP-10 contributed directly or indirectly to YFV-17D viscerotropic disease pathology. In order to determine if IP-10 influenced the pathogenesis of YFV-17D, we intraperitoneally injected 3-4-week-old IFNAR 2/2 mice with PBS or 100 ng mouse recombinant IP-10 at 21, 1, 3 and 5 days p.i. with 10 7 p.f.u. YFV-17D and monitored mice daily for signs of disease. We found that significantly more mice succumbed to disease when treated with recombinant IP-10 and IP-10-treated mice developed disease sooner than PBS-treated mice (Fig. 7a) . Additionally, 50 % of IP-10-treated mice developed viscerotropic disease, whereas only 17 % of PBS-treated mice developed viscerotropic disease (Fig. 7b) . However, IP-10 treatment did not significantly alter the percentage of mice developing neurotropic disease (23 versus 14 %; P.0.05, x 2 test). Therefore, IP-10 treatment increased YFV-17D pathogenesis by specifically enhancing viscerotropic disease.
Together, our results suggested that IP-10 played a significant role in disease outcome in YFV-17D-infected IFNAR 2/2 mice.
DISCUSSION
In this study, we used YFV-17D infection of mice to examine factors that play a role in viral pathogenesis. We found that identically infected mice developed one of three distinct disease phenotypes: no clinical signs of disease, fatal viscerotropic disease or fatal neurotropic disease. We determined that the route of infection and host immune responses influenced YFV-17D pathogenesis more than the amount of virus.
In agreement with previous work, we found that YFV-17D was severely attenuated in immune-competent mice (Meier et al., 2009; Zisman et al., 1971) . Similar to Meier et al. (2009) , we found that subcutaneous inoculation of YFV-17D did not induce disease in IFNAR 2/2 mice. However, we found that infection with YFV-17D induced distinct neurotropic or viscerotropic disease in intramuscularly and intraperitoneally inoculated IFNAR 2/2 mice. These results confirm that inoculation route dramatically impacts disease outcome in YFV-17D-infected IFNAR 2/2 mice. Additionally, we found that a 1000-fold increase in virus inoculum did not illicit disease in immune-competent mice. Moreover, IFNAR 2/2 mice inoculated with 1000-fold more virus did not have significantly higher mortality rates and the percentage of mice with neurotropic versus viscerotropic disease was not changed, indicating that factors other than viral dose influenced disease outcome (Fig. 2) . Similarly, DENV-induced paralysis in mice deficient for IFN-a/b/c receptors was not largely impacted by viral inoculum dose (Prestwood et al., 2008) . Ninety-one per cent of mice with viscerotropic disease had damage to visceral organs. To the best of our knowledge, ours is the first study to find YFV-17D-induced lethal viscerotropic disease in a mouse model (Fig. 1c-e, Table 1 ). Mice with neurotropic disease had increased immune cell infiltrates in the brain compared with mice with viscerotropic disease or no clinical signs of disease (Fig. 4) . Similar immune cell infiltrates have been observed in hamsters and mice infected with YFV-17D, a neurovirulent DENV isolate, WNV and other neurotropic flaviviruses (Dominguez & Baruch, 1963; Hase et al., 1990; Klein et al., 2005; Liu & Chambers, 2001; Mateo et al., 2007; Wang et al., 2004) .
Interestingly, a study of WT YFV infections in humans found similar levels of detectable YFV RNA in fatal haemorrhagic and non-fatal haemorrhagic cases (ter Meulen et al., 2004) . Additionally, YFV-17D RNA was only detected in approximately half of patients with fatal YFV-AVD (Bae et al., 2008; Monath et al., 2013; ter Meulen et al., 2004) . Similarly, we found that viral titres at disease onset did not correlate with disease outcome. For example, visceral tissue titres of mice with viscerotropic disease were not significantly higher than those in mice with neurotropic YFV-17D disease phenotypes in mice disease and brain titres of mice with neurotropic disease were not significantly higher than those in mice with viscerotropic disease or no clinical signs of disease (Fig. 3) . Mice with no clinical signs of disease recovered completely from infection despite having high viral titres in the central nervous system (Fig. 3) . It is possible that immune deficiency due to lack of a type I IFN response facilitates robust viral replication in the brain, but that high viral titre alone does not promote disease. These results demonstrate that neuroinvasion does not always lead to disease, as has been noted after WNV infection of susceptible and resistant mouse strains (Brown et al., 2007) .
As viral titres at disease onset did not correlate with disease outcome, we examined cytokine profiles. In humans, severe DENV, YFV and YFV-17D-associated viscerotropic disease are potentially mediated by dysregulated secretion of cytokines and chemokines (Bae et al., 2008; Lee et al., 2006b; Monath, 2008; ter Meulen et al., 2004) . We found significantly elevated serum levels of IP-10 and MCP-1 in mice with viscerotropic disease as compared with mice with neurotropic disease and mice displaying no clinical signs of disease (Fig. 6 ). These results suggest that high levels of IP-10 and MCP-1 may promote viscerotropic disease. Other studies have found that MCP-1 and/or IP-10 levels correlated with disease severity during infection with viruses causing haemorrhagic fever, such as ebolavirus and hantavirus Wauquier et al., 2010) , as well as other flavivirus infections. MCP-1 levels were elevated in DENV-infected humans (Lee et al., 2006a; Rathakrishnan et al., 2012) , severe YFV and YFV-17D infections in humans (Bae et al., 2008; ter Meulen et al., 2004) , YFV-infected IFN-a/b and IFN-a/b/c receptor knockout mice (Meier et al., 2009; Thibodeaux et al., 2012) , and in some strains of WNV-infected mice (Kumar et al., 2013) . MCP-1 has previously been shown to increase vascular permeability and disrupt tight junctions in endothelial cells, suggesting a potential role in haemorrhagic manifestations and shock syndrome characteristic of fatal YFV and DENV infections (Lee et al., 2006b; Rathakrishnan et al., 2012) .
Consistent with the idea that cytokines contribute to disease outcome, we found that administration of recombinant IP-10 during YFV-17D infection enhanced pathogenesis in IFNAR 2/2 mice, with significantly increased mortality rates and a higher percentage of mice that developed viscerotropic disease (Fig. 7) . Elevated IP-10 levels have been associated with pathogenesis of numerous diseases (Liu et al., 2011) . IP-10 levels were significantly elevated in fatal as compared with non-fatal, nonhaemorrhagic YFV human infections (ter Meulen et al., 2004) , YFV-17D-infected IFN-a/b/c receptor knockout mice (Thibodeaux et al., 2012) , in DENV-infected mice and humans (Fink et al., 2007; Rathakrishnan et al., 2012; Sung et al., 2012) , in the spleen and brain tissues of WNVinfected mice (Shirato et al., 2004) , and correlated with liver damage in hepatitis C virus-infected patients (Liu et al., 2011) . It has been proposed that IP-10 could promote haemorrhagic fever by affecting vascular permeability (Liu et al., 2011) . Interestingly, IP-10 was the only chemokine significantly induced in YFV-17D-vaccinated individuals (Querec et al., 2009) , suggesting an important role for YFV-17D immunogenicity in healthy humans with intact immune responses. It has also been shown that IP-10 contributes to decreased DENV replication in immune-deficient IFN regulatory factor (IRF)-3/ IRF-7 knockout mice (Chen et al., 2013) and IP-10 reduces neurological disease in WNV-or DENV-infected mice (Hsieh et al., 2006; Klein et al., 2005) . These findings suggest that chemokines and cytokines such as IP-10 play an important role in the balance between pathogen control and immunopathology, and these proteins may have different activity in neuronal versus non-neuronal tissues. Overall, elevated levels of proinflammatory cytokines such as IP-10 and MCP-1, and elevated levels of liver enzymes, may be better indicators of the severity of YFV and YFV-17D infection than viral titres.
In summary, we have demonstrated that various factors influence YFV-17D pathogenesis in immune-deficient mice. Overall, our results suggest that release of cytokines and chemokines by brain or visceral organs may induce tissue damage, leading to the distinct disease outcomes in YFV-17D-infected mice. Further investigation into the mechanisms that control viral disease outcome is warranted.
METHODS
Viruses and titre assay. Virus was produced by electroporation of YFV-17D RNA into BHK-J cells. Briefly, YFV-17D RNA was transcribed in vitro using a mMESSAGE mMACHINE SP6 kit (Ambion) according to the manufacturer's instructions and 1-5 ml of this in vitro transcription reaction was electroporated into~10 7 BHK-J cells. A Gene Pulser Xcell electroporation system (Bio-Rad) was used with settings of 850 V, 5 ms pulse length, two pulses, 5 s pulse interval and 4 mm cuvette. BHK-J cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 2 % FBS, plated on 10 cm dishes and 24-48 h later split into three 15 cm plates. Supernatant was harvested from 15 cm plates when cytopathic effect was detected. Viral titres were determined by adding serial dilutions of supernatant in serum-free medium to six-well plates containing~10 6 BHK-J cells for 1 h. Supernatant was removed, cells washed and 5 ml agarose overlay containing 0.5 % SeaKem LE Agarose (Lonza) in DMEM containing 2 % FBS was added. After 5 days, agarose overlays were removed and cells were stained with an alcoholic crystal violet solution for plaque visualization.
Mouse experiments. All animals were handled in strict accordance with good animal practice as defined by the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All mouse studies were performed at the University of Texas Southwestern Medical Center (Animal Welfare Assurance A3472-01) using protocols approved by the University of Texas Southwestern Institutional Animal Care and Use Committee (IACUC). All studies were performed in a manner designed to minimize pain and suffering, and any animals that exhibited severe disease signs were euthanized immediately in accordance with IACUC approved end points. For this study, WT mice were immune-competent C57BL/6 PVR-Tg21 mice (IFNAR +/+ ) expressing the human poliovirus receptor and immune-deficient mice were C57BL/6 PVR-Tg21 mice deficient for the IFN-a/b receptor (IFNAR 2/2 ) expressing the human poliovirus receptor (provided by S. Koike, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) (Ida-Hosonuma et al., 2005) . Mice (3-4 or 6-7 weeks old) were injected in the footpad, subcutaneously in the back scruff, intramuscularly in the left quadricep or intraperitoneally with 10 4 (Figs 1, 3 , 4, 5 and 6) or 10 7 p.f.u. YFV-17D virus (Figs 2 and 7 ). Mice were monitored daily for signs of disease, as described in Results, and euthanized upon disease onset (6-8 days p.i.). As mice with severe disease do not recover from infection, we euthanized moribund mice and data are presented as the percentage of mice without disease. For evaluation of viral load at disease onset or 8 days p.i. in mice showing no clinical signs of disease, tissues from the inoculated quadricep muscle, whole sciatic nerve from the inoculated leg, brain, liver, spleen and blood were weighed and resuspended in 2-4 vols PBS and homogenized with a Bullet Blender tissue homogenizer (NextAdvance), as per the manufacturer's instructions. Tissue homogenates were then centrifuged at 13 000 r.p.m. for 1 min and supernatant virus stocks were used for viral titre assay as described above. For recombinant IP-10 experiments, 3-4-week-old IFNAR 2/2 mice were injected intraperitoneally with PBS or 100 ng recombinant mouse CXCL10/IP-10 (BioLegend) at 21, 1, 3 or 6 days followed by intramuscular injection with 10 7 p.f.u. YFV-17D on 'day 0'. Mice were monitored daily for signs of disease and euthanized upon disease onset (7-8 days p.i.).
Histological analysis. At disease onset (7-8 days p.i.), YFV-17D-infected mice with viscerotropic disease, neurotropic disease or no clinical signs and uninfected IFNAR 2/2 mice were given an intraperitoneal injection of a terminal dose of pentobarbital and were perfused with PBS/4 % paraformaldehyde, pH 7.4. Brains were post-fixed in PBS/4 % paraformaldehyde at 4 uC for 48 h and then sectioned via sagittal cuts with four sections per mouse. Subsequent paraffin processing, embedding, sectioning and HE staining were performed by standard procedures by the University of Texas Southwestern Pathology Core (Shehan & Barbara, 1980; Woods & Roy, 1996) . Images were captured using a Zeiss Axiovert 200 microscope with an AxioCam MRm digital black and white camera.
Cytokine analysis. Serum samples from uninfected 3-4-week-old IFNAR 2/2 mice or IFNAR 2/2 mice intramuscularly inoculated with 10 4 p.f.u. YFV-17D were obtained using a 4 mm lancet and submandibular bleeding. Mice were observed until 8 days p.i. to determine eventual disease outcome. Blood samples were left at room temperature for 2 h, centrifuged for 20 min at 2000 g, and serum was collected and stored at 280 uC. The detection of cytokine levels in 20 ml serum samples was determined using the Mouse Cytokine Array Panel A (R&D Systems) according to the manufacturer's protocol. Membranes were exposed to X-ray film for 2 min, and the developed film was then scanned and pixel densities determined using ImageQuant image analysis software. Duplicate spots on each array were averaged and the background subtracted. The signals/pixel densities were then compared from each array representing an individual mouse, with two to three mice per condition. For measurement of ALT, IP-10 and MCP-1 levels in serum we used Single-Analyte ELISArray kits (MyBioSource, ALT; Qiagen, IP-10 and MCP-1) according to the manufacturer's protocol. Briefly, serum (20-60 ml) was diluted in sample dilution buffer to 300 ml and then 50 ml was added in duplicate to 96-well plates that were pre-coated with the target-specific capture antibody for each single protein. Additionally, a serial-diluted specific antigen standard was added to each plate in duplicate for determination of the standard curve. After 2 h the wells were washed and incubated with the detection antibody for 1 h, washed again and incubated with avidin-HRP for 30 min. Next, samples were incubated with the detection solution for 15 min. The stop solution was then added and the OD 450 was read immediately. Cytokine concentrations were calculated in each individual well based on the standard curve for duplicate samples from three to seven independent mice per disease phenotype.
